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ABSTRACT

Fuel treatment activities are analyzed at the landscape
scale by using both simulation and optimization.  Simu-
lating Vegetative Patterns and Processes at Landscape
Scales (SIMPPLLE), a stochastic simulation model-
ing system, is initially applied to assess wildfire risks
on the current landscape without management treat-
ments, but with fire suppression.  These simulation
results are input into the Multi-resource Analysis and
Geographic Information System (MAGIS), an optimi-
zation modeling system, for scheduling activities that
reduce these risks and address other management ob-
jectives.  The derived treatment schedules are used in
additional SIMPPLLE simulations to examine the
change in wildfire risk and other natural processes.
Fuel treatment effects are quantified as changes in the
predicted extent and intensity of future wildfires and
the resulting economic benefits.

Keywords:  Landscape modeling, fuel treatments, simu-
lation, optimization

INTRODUCTION

Fire exclusion and other management treatments have
resulted in the unnatural build up of fuels on many
acres in the Intermountain West.  These fuel concen-
trations increase the probability of catastrophic wild-
fire, particularly in the lower elevation, fire-dependent
plant communities (Arno 1996b, USDA Forest Ser-
vice 1996a).  Historically, these fire-dependent com-
munities were modified by frequent, low-intensity
ground fires; stand-replacing crown fires occurred
rarely if at all (Arno 1996a, Williams 1995).

Activities, such as prescribed burning, precommercial
thinning, and commercial timber harvest, are being
applied to address this problem of fuel build-up.  But
what fuel treatment strategies are most effective?  Is it
more cost-efficient to target the acres where the prob-
lem is most severe, but where the per-acre treatment
costs are very high?  Or, is it better to target acres that
are not now critical, but will become so in the future if
not treated?  Because the per-acre treatment costs for
these areas is less, more acres can be treated with the
same budget.  Also, given the number of acres involved
and limited budgets, it is clear that treatments cannot
be accomplished in all areas needing treatment.  This
raises questions regarding what treatment patterns are
most effective in various situations.

Fuel treatments, however, are but one of many issues
of concern to land managers.  Ultimately, management
activities must be planned and implemented in view
of a variety of objectives and constraints that arise from
the Forest Plan and scoping done by forest resource
specialists and the public.  Managers must be able to
develop and evaluate alternatives that address objec-
tives and constraints that sometimes conflict.  This
requires an understanding of the trade-offs involved.
What, for example, are the likely changes in the ex-
tent and intensity of wildfire resulting from fuel treat-
ments?  What are the economic payoffs in terms of
reduced fire suppression costs?  What are the impacts
on other resource values?

Models and decision support systems can provide in-
formation and analyses to aid managers in addressing
these questions (Mowrer 1997).  This paper presents a
framework for analyzing fuel treatments that uses two
types of landscape models, simulation and optimiza-
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tion.  A stochastic simulation model is used to predict
the location and probability of insect, disease, and fire
processes on the landscape in the absence of manage-
ment treatments.  This information is transferred to a
spatially-specific optimization model, which schedules
various types of fuel treatments in view of the location
and probability of natural processes, as well as other
specified biological and social objectives.  The result-
ing treatment schedule is then transferred to the simu-
lation model to analyze the effects of those treatments
on the extent and location of the natural processes.
This process develops fuel treatment scenarios that are
both spatially and temporally specific, and provides
costs and resource effects for evaluating those scenarios.

THE MODELING APPROACH

The simulation model used is Simulating Vegetative
Patterns and Processes at Landscape Scales
(SIMPPLLE) (Chew 1995).  SIMPPLLE is a stochas-
tic simulation model that predicts changes in vegeta-
tion over time and space by using a vegetative state/
pathway approach.  A vegetative state is defined by
dominant tree species, size class/structure, and den-
sity.  These states are grouped by an ecological stratifi-
cation of habitat type groups (Pfister and others 1977).
The change between vegetative states is a function of
natural disturbance processes, including insects, dis-
ease, and fire, and management treatments.  The prob-
ability of a natural process occurring in a given plant
community is determined both by attributes of the state
it is in and the vegetative pattern as identified by its
neighboring communities in a unique landscape.  The
probabilities determined for each plant community in
a landscape are used in a classical monte carlo method
to simulate the location and timing of process occur-
rence.  Once a process occurs for a plant community,
logic is used to model its spread to neighboring plant
communities.  Management treatments also change
vegetative state, but treatment selection is exogenous
to the model.  The version of SIMPPLLE used in this
study defines a plant community as a stand, and uses
10-year time steps.

The optimization model is the Multi-resource Analy-
sis and Geographic Information System (MAGIS).
MAGIS is a microcomputer-based spatial decision sup-
port system for planning land management and trans-
portation-related activities on a geographic and tem-
poral basis in the presence of multiple and sometimes
conflicting objectives (Zuuring and others 1995).
Managers specify an objective to maximize or mini-
mize and other objectives as constraints that must be
achieved; and the solver selects the location and tim-

ing of activities that best meets these specifications and
calculates the effects.  The objective and constraints
are selected from the Management Relationships within
MAGIS, which tabulate output quantities, acres with
specified characteristics, miles with specified charac-
teristics, costs, and net revenues.  Management Rela-
tionships can be calculated for an entire planning area
or specific portions such as individual watersheds.  For
consistency with SIMPPLLE ten-year time periods
were used in this study.

SIMPPLLE MAGIS
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Figure 1. The modeling approach.

The modeling approach we present involves the se-
quential use of these two landscape models (fig. 1).

In Step 1, SIMPPLLE is used to project the frequency
and location of natural disturbances for a “no action”
management alternative that includes fire suppression
as the only management activity.  A number of sto-
chastic simulations (approximately 20) are run, and
the frequency of each natural process occurring in de-
cades 1-5 is recorded for each stand.  This frequency
represents an estimate of the risk of these natural pro-
cesses occurring on an individual stand over that pe-
riod of time.  We use these frequencies to develop a
“risk index” for each stand, the values of which vary
by the natural processes predicted for that stand and
their frequency of occurrence.  The values are chosen
to represent a prioritization for fuel treatment activi-
ties.

In Step 2, MAGIS is used to develop a schedule of fuel
treatment activities for the landscape including pre-
scribed burning, precommercial thinning, and com-
mercial timber harvest.  The risk index developed from
the simulation results is incorporated into a MAGIS
Management Relationship that computes a composite
landscape risk index.  Additional Management Rela-
tionships handle other issues, such as sediment pro-
duction by watershed, big game hiding cover by third
order drainage, pine marten habitat index by third or-
der drainage, and net revenues from several account-
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ing stances.  MAGIS is then used to schedule fuel treat-
ments in time and space that best meet the objectives
specified for a landscape management scenario.

In Step 3, the schedule of stand treatments proposed
by MAGIS is incorporated into SIMPPLLE.  Stochas-
tic simulations are again run to predict the frequency
of the natural processes occurring on the landscape,
given this proposed schedule of fuel treatments.  The
results of these simulations are then compared with
the results of the “no action” simulations to measure
the effectiveness of the fuel treatment scenario.  The
comparison includes the predicted total acres of oc-
currence for each natural process and fire suppression
costs computed from the predicted fire processes.

In Step 4, the results from simulations from both Steps
1 and 3 are specified in MAGIS runs to compute val-
ues for the Management Relationships including treat-
ment costs and revenues and various resource impacts.
These computations include the effects of the natural
processes as well as the management treatments, and
provide estimates of the resource impacts associated
with “no action” as well as with the treatment sce-
nario.  In addition, the MAGIS treatment costs and
revenues are combined with the fire suppression costs
from Step 3 to calculate and overall economic mea-
sure of the effectiveness of fuel treatments.

APPLICATION

Test Area

This sequential approach of applying SIMPPLLE and
MAGIS was applied on the 58,038-acre Stevensville
West Central area of the Bitterroot National Forest in
Western Montana.  SIMPPLLE and MAGIS applica-
tions were initially developed in cooperation with For-
est staff and applied in an integrated resource analysis
of that area (USDA Forest Service 1996b).  The area
modeled includes 25,283 acres in the Selway-Bitter-
root Wilderness, 14,155 acres of National Forest out-
side Wilderness, and 18,600 acres in private owner-
ships.  No treatments were proposed for the private
land.  It was only included to capture interactions in
natural processes with adjacent National Forest lands.

Step 1: Simulate Processes for “No Action”

SIMPPLLE was used to run 20 stochastic simulations
over five decades for the ?no action? management al-
ternative with fire suppression.  The natural processes
modeled were light and severe western spruce bud-

worm, mountain pine beetle in both lodgepole pine
and ponderosa pine, root disease, and three intensities
of wildfire: light-severity fire, mixed-severity fire, and
stand-replacing fire.  The frequency of occurrence over
five decades for each process was recorded by stand.

Based on the researcher’s best judgement, the follow-
ing index was developed to serve as a prioritization
for applying fuel treatments:

Index Natural Process Frequency
    0 Stand not listed
    2 Light spruce budworm > 50 %
    2 Mountain pine beetle > 50 %
    4 Stand replacing fire 1 - 10 %
    6 Severe spruce budworm > 50 %
    8 Stand replacing fire 11 - 20 %
  10 Stand replacing fire > 21 %

The appropriate index value was assigned to each stand,
based on the frequency of processes present in the 20
simulations.  If more than one process was recorded
for a stand, the process associated with the highest in-
dex value was assigned.  Figure 2 shows the distribu-
tion of the index values assigned to the stands.
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Composite Index =  �  �  � rasp * Xasp
a        s        p

Figure 2. Spatial distribution of risk index based on
natural processes occurring over 5 decades.

Step 2: Develop Fuel Treatment Scenarios

The index value for each stand was entered into MAGIS
and used to develop a risk index Management Rela-
tion for computing a composite index for the landscape.
This composite index multiplies the risk index assigned
to a stand by the stand acres, and sums this product
across the stands as follows:
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where:

     Xasp =  Treatment option a applied to stand s in
decade p,

      rasp =  Risk  index value in decade p as a result of
applying treatment option a to stand s.  For
�no action,� rasp equals the index assigned
by SIMPPLLE.  If a treatment is undertaken
that addresses the risk, rasp after treatment
is reduced accordingly.

MAGIS was used to develop four fuel treatment sce-
narios for the landscape (table 1).  Candidate treat-
ments for National Forest stands outside the designated
Wilderness included broadcast burning, mechanical
thinning followed by broadcast burning, precommercial
thinning, and several types of commercial timber har-
vest.  Inside the Wilderness area, the candidate treat-
ments were limited to prescribed burning without me-
chanical thinning.  The prescribed burning options in
the Wilderness area were permitted in both Scenarios
1 and 2, but were excluded in Scenarios 3 and 4.  Sce-
narios 1 and 2 differ in that Scenario 1 requires the
composite index to be minimized in decade 1, while
the timing is relaxed in Scenario 2 to minimize the
composite index by decade 3.  Fuel treatments for Sce-
narios 3 and 4 are limited to the 14,155 acres of Na-
tional Forest outside the Wilderness.  Like the first
two scenarios, Scenarios 3 and 4 differ by the decade
for minimizing the risk index: decade 1 for Scenario 3
and decade 3 for Scenario 4.  All four scenarios re-
strict new road construction and limit the volume of
timber harvest per decade to 10,000 ccf (hundred cu-
bic feet) or less, assuming that larger harvests would
be politically unacceptable.

Table 1. Specifications for four fuel treatment.

All four scenarios apply prescribed burning on a large
number of acres (fig. 3).  Scenario 1 applies prescribed
burning on nearly 15,000 acres, more than 37 percent
of the National Forest acres in the planning area.
Scenario 2 applies burning treatments to slightly fewer
acres, but postpones treatments to the third decade.
The same treatment patterns exist for Scenarios 3 and
4, but fewer acres are treated, because burning treat-
ments were not permitted in Wilderness.

Figure 3.  Acres of prescribed burning and harvest-
ing by decade.

Commercial timber harvest outside the designated
Wilderness, although applied on fewer acres, plays a
significant role in these scenarios.  Scenarios 2 and 4,
which minimize risk in decade 3, apply harvest on the
most acres, 1,270 and 1,150 respectively (fig. 3).  These
harvests provide sufficient revenue to offset treatment
cost, resulting in a positive present net value for these
scenarios, $150 thousand and $980 thousand, respec-
tively (fig. 4).  The large negative present net value for
Scenario 1,  -$2,500 thousand, reflects all the prescribed
burning included in that scenario.

Figure 4. Present net value including the treatment
costs and revenues.

Each scenario was solved by first minimizing the com-
posite index for the specified decade, then achieving a
second solution in which present net value was maxi-
mized while holding the composite index to an amount
slightly above the previously attained minimum value.
The road construction and harvest volume restrictions
for the scenarios were in effect for both solutions.  This
sequence develops an economically efficient scenario
for minimizing the risk index while meeting the other
scenario conditions.  These solutions schedule treat-
ments both spatially and temporally.
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The composite index value for “no action” was over
90,000 (fig. 5).  The treatments scheduled for Scenario
1 brought this composite index down to approximately
26,000.  Scenario 2 has only minimal reductions in
the composite index relative to “no action” in decade
1, but achieves the 26,000 value in decade 3.  Exclud-
ing prescribed burning in the Wilderness results in the
minimum value for the composite index of approxi-
mately 52,000 in Scenarios 3 and 4.

Figure 5. Composite index for decades 1 and 3.

Step 3: Simulate Processes for the Management
Scenarios

The four management scenarios developed by MAGIS
were imported into SIMPPLLE to model the effect of
these treatment schedules on the extent and frequency
of natural processes and on fire suppression costs.
Twenty simulations were run for five decades for each
scenario.

Figure 6 presents the total number of acres disturbed
over the five decades for the three fire processes mod-
eled.  A reduction in acres of stand-replacing fire oc-
curred for each of the fuel treatment scenarios.  The
most reduction occurred for Scenario 3 where stand-
replacing fire was about 60 percent of the amount pre-
dicted for “no action.”  Acres of light-severity fire also
decreased relative to “no action” for each of the fuel
treatment scenarios, although the reductions were
modest.  Acres of mixed-severity fire increased rela-
tive to “no action” for some scenarios, most notably
Scenario 4.  Scenario 3 showed the least amount of
acres disturbed for each of the three fire types.

Step 4: Compute Overall Effects and Costs

The natural processes and management treatments
present in representative simulations from each of the
four scenarios and “no action” were entered in MAGIS

Figure 6. Total acres disturbed over five decades
for the three fire severities.

and run to compute values for the Management Rela-
tionships, including treatment costs and revenues, and
various resource impacts.  In this application, all deci-
sions are fixed into the model, and MAGIS is simply
used to compute the results.   Entering and running
each of the 20 simulations for each scenario and “no
action” would provide a better basis for estimating these
costs and impacts, but was infeasible in this study be-
cause of the time required to do this for 100 solutions
(100 = 20 x 5).  An automated procedure would make
this approach feasible in the future.

Figure 7 presents the discounted fire suppression costs
(from Step 3) and the treatment costs and revenues
from this step.  Each of the fuel treatment scenarios
reduced fire suppression costs compared to “no action.”
The amount of reduction, which was relatively con-
stant across the scenarios, averaged about $860 thou-
sand — a decrease of about 25 percent.  More varia-
tion in treatment costs and revenues was predicted for
the scenarios, with treatment cost for Scenario 1 by far
exceeding the other scenarios.  Scenarios 2 and 4,
which minimized risk in decade 3, had the largest rev-
enues.
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Figure 7. Discounted treatment revenues, treatment
costs, and fire suppression costs.
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Combining the treatment costs, fire suppression costs,
and treatment revenues produces the discounted net
costs in Figure 8.  Each scenario results in a net cost,
that is, the fire suppression costs and treatment costs
exceed the treatment revenues.  The fuel treatments in
Scenarios 2 and 4, however, do payoff in a net cost
savings relative to “no action.”  That is, treatment costs
in these scenarios are more than offset by the com-
bined savings in fire suppression costs and the treat-
ment revenues.  The net cost for Scenario 3 exceeds
“no action” by a small amount, while the net cost for
Scenario 4 far exceeds the cost associated with “no
action.”  The latter reflects the costs of applying pre-
scribed burning on nearly 15,000 acres in the first de-
cade with relatively few acres of revenue-generating
activities.

Figure 8. Discounted net cost including the treat-
ment revenues, treatment costs, and fire suppres-
sion costs.

Resource effects were computed for “no action” and
each of the treatment scenarios that include both the
natural processes and treatments.  One example is sedi-
ment yield (fig 9).  Scenarios 3 and 4 have a slightly
lower percentage increase in sediment yield over the
five decades than “no action,” while the increases pre-

dicted for Scenarios 1 and 2 exceed “no action.”  An-
other example was big game hiding cover.  The “no
action” alternative clearly provides the most big game
hiding cover over the five decades (fig. 10).  Scenarios
3 and 4, which treat only acres outside the designated
Wilderness, provide the most hiding cover of the four
treatment scenarios.

Figure 9. Percentage change in sediment from cur-
rent condition, including both treatments and natu-
ral processes.

Figure 10. Acres of hiding cover by decade from
treatments and natural processes.

DISCUSSION

All scenarios reduced the acres of stand-replacing fire
and low-intensity fire, and accordingly reduced the fire
suppression costs over the five decades modeled.  How-
ever, when the treatment costs and revenues are in-
cluded, a net savings in cost relative to “no action” is
predicted for only Scenarios 2 and 4.

The difference in net fuel treatment cost was substan-
tial between the scenarios minimizing risk in decade 1
versus decade 3.  The difference was that minimizing
risk in the later decade provided the opportunity to
implement more fuel treatments in the form of com-
mercial timber harvests.  This provided revenue that
offset costs to result in positive net revenues for fuel
treatments in Scenarios 2 and 4.

The discounted net cost is negative for each scenario,
reflecting the prescribed burning costs present in each
to reduce the composite index to the lowest value pos-
sible.  Given the treatment options modeled, net cost
can be decreased only by increasing the risk index
achieved.  Analysis of the location of fire starts showed
that a number of fires in the simulations started on
private land and spread onto the National Forest.  Fuel
treatments on these private lands would be expected to
result in further reductions in the fire suppression costs.

Often in analysis, resource effects are based only on
the proposed treatments, and the effects of natural pro-
cesses on resource and social values are ignored, both
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for “no action” and treatment scenarios.   One of the
strengths of the analytical approach we present is the
ability to compute tradeoffs among the treatment sce-
narios and “no action” that include both the effects of
treatments and natural processes.  Consider for ex-
ample, the sediment yields computed in this study.
Sediment was higher for “no action” than two of the
fuel treatment scenarios.  A quite different picture
emerges when only the sediment production from man-
agement activities is included.

It should be noted that the index used to prioritize treat-
ments was simply based on the researcher’s best judge-
ment.  Many other rules for assigning treatment pri-
orities are possible.  Further testing is needed to deter-
mine what logic is most effective in assigning treat-
ments.

More fuel treatment scenarios could be developed for
the Stevensville West Central area and the tradeoffs
could be measured in terms of costs and reductions in
acres affected by various processes.  The real value of
this and other modeling approaches is to identify and
measure tradeoffs so that more informed decisions are
possible.  The integration of simulation and optimiza-
tion models such as SIMPPLLE and MAGIS has great
potential for developing spatially-specific fuel treat-
ment scenarios for landscapes and effectively quanti-
fying the tradeoffs associated with those scenarios.  This
provides the opportunity to better understand, man-
age, and monitor forested landscapes.
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